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VOLUME 45 | NUMBER 5 | MAY 2013 Nature GeNetics A r t i c l e s with an N50 of 172 kb and total size of 91.4 Mb ( Table 1) . We sequenced the W. bancrofti and O. volvulus genomes derived from single adult worms (an unsexed juvenile adult worm for W. bancrofti and an adult male worm for O. volvulus) to 12× and 5× coverage, respectively ( Table 1) . Because of the low coverage of the O. volvulus genome, we did not include it in further analyses. Although the assembly sizes of the L. loa and B. malayi genomes are comparable (91.4 Mb and 93.7 Mb, respectively), the scaffold N50 of the L. loa genome is almost twice that of the B. malayi genome, making the L. loa genome assembly the most contiguous of any filarial nematode so far. The filarial genomes differ widely in repeat content ( Table 1,  Supplementary Tables 1-14 and Supplementary Note), with the L. loa genome being more repetitive than that of W. bancrofti but less repetitive than that of B. malayi.
As nuclear Wolbachia transfers (nuwts) have been identified in all Wolbachia-colonized and Wolbachia-free filarial nematodes examined so far 9 , we expected to find similar transfers in the L. loa genome. However, a BLAST-based search of the assembled L. loa genome did not reveal any large transfers of Wolbachia DNA. A more sensitive read-based analysis determined that the L. loa genome does not have any large (>500 bp), recent transfers (Supplementary Note). It does however have small, presumably older transfers, supporting the hypothesis that L. loa was once colonized by Wolbachia but subsequently lost its endosymbiont (Supplementary Table 15 and Supplementary Fig. 2 ). Of the transfers that are definitively of Wolbachia ancestry and not of possible mitochondrial ancestry, there is no evidence that they are functional in L. loa (Supplementary Note).
Gene content and synteny
We produced initial gene sets for both L. loa and W. bancrofti using a combination of gene predictors with refinements to the L. loa annotation on the basis of RNA sequencing (RNA-Seq) data (Online Methods). The final L. loa gene set contained 14,907 genes, 70% of which were supported by RNA-Seq ( Table 1 and Supplementary  Tables 16 and 17 ). The W. bancrofti genome is predicted to encode 19,327 genes ( Table 1 and Supplementary Note). The filarial genomes showed a high degree of synteny ( Fig. 1) , with 40% and 13% of L. loa genes being syntenic relative to B. malayi and W. bancrofti, respectively. Nearly all the syntenic breaks between filarial genomes occurred at scaffold ends ( Supplementary Fig. 3b ), suggesting that the synteny percentage detected was limited by assembly contiguity and the true level of synteny is much higher. When we compared the L. loa genome to that of Caenorhabditis elegans, orthologs from (Fig. 1) . However, only 2% of all L. loa genes were syntenic relative to C. elegans ( Supplementary Fig. 3a) , supporting the hypothesis that genome rearrangements during filarial evolution were mostly intrachromosomal 7 . There was an intermediate level of synteny (12%) between L. loa and the related nonfilarial parasite Ascaris suum (Supplementary Fig. 3a ).
We were able to assign more than half of the genes encoded by the L. loa and W. bancrofti genomes to functional categories, Pfam domains, Gene Ontology (GO) terms and/or Enzyme Commission (EC) numbers ( Supplementary Fig. 4 and Supplementary Tables 16  and 18 ). Relative to other filarial genomes, the L. loa genome is enriched (P < 0.05, Fisher's exact test) for numerous domains, including that containing pyridoxamine 5′-phosphate oxidases that synthesize vitamin B (Fig. 2) (Supplementary Fig. 1 7 , suggesting that these molecules are either dispensable in filariae or too divergent to detect. Analysis of L. loa genes identified a number of human cytokine and chemokine mimics and/or antagonists, including genes encoding macrophage migration inhibition factor (MIF) family signaling molecules, transforming growth factor-β and their receptors, members of the interleukin-16 (IL-16) family, an IL-5 receptor antagonist, an interferon regulatory factor, a homolog of suppressor of cytokine signaling 7 (SOCS7) and two members of the chemokine-like family (Supplementary Table 19 ). In addition, the L. loa genome encodes 17 serpins and 7 cystatins, which have been shown to interfere with antigen processing and presentation to T cells 11 , 2 indoleamine 2,3-dioxygenase (IDO) genes, which encode immunomodulatory proteins implicated in strategies of immune subversion, and a number of members of the Wnt family of developmental regulators, which typically modulate immune activation. The L. loa genome encodes proteins that have sequences similar to those of human autoantigens (Supplementary Note). Although some of these putative autoantigens can also be found in the other filariae, the slight expansion of them in L. loa suggests that antibodies induced by L. loa infection may be more autoreactive than those induced by other parasites.
Protein kinases
In addition to elucidating host-pathogen interactions, pathogen genomes can be evaluated for potential drug targets, such as protein kinases. We therefore annotated protein kinases in the L. loa genome and compared them to those in other nematode genomes (Supplementary Tables 20-23 and Supplementary Fig. 5 ). We found numerous differences between filarial and nonparasitic nematode kinases, particularly regarding those involved in meiosis. The widely conserved TTK kinase (MPS1), which has a key role in eukaryotic meiosis 12 , is present in L. loa and absent in C. elegans. By contrast, filarial nematodes lack the nearly universally conserved RAD53-family 
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A r t i c l e s kinase CHK-2, which is present in C. elegans. In most eukaryotes, RAD53 is involved in initiating cell-cycle arrest when DNA damage is detected, but in C. elegans it is essential for chromosome synapsis and nuclear rearrangement during meiosis 13 . This reciprocal difference suggests that meiosis in filarial parasites may be regulated in a manner more similar to that in typical eukaryotes than in C. elegans (Supplementary Note). Six L. loa protein kinases are orthologous to targets of drugs currently approved for use in humans (Supplementary Table 23 ), including the tyrosine kinase inhibitor imatinib, which has been shown to kill schistosomes 14 and Brugia parasites of all stages at concentrations ranging from 5 to 50 µM (T.B.N., unpublished data). Therefore, repurposing already approved drugs that target these kinases may be promising in treating filarial (and other helminth) infections 15 .
Nematode phylogenomics
To examine the evolution of filarial parasites in the context of other nematodes, we estimated a phylogeny from 921 single-copy core orthologs across nine nematode genomes using maximum likelihood, parsimony and Bayesian methods. All methods converged on a single topology with 100% support (either bootstrap values or posterior probabilities) at all nodes (Fig. 3) . This phylogeny indicates that Meloidogyne hapla occupies a position basal to a clade of Rhabditina (C. elegans, Caenorhabditis briggsae and Pristionchus pacificus) and the Spirurina (filarial worms and A. suum). Although these results contrast with previous studies based on ribosomal subunits that placed M. hapla closer to Rhabditina than to the filarial worms 16, 17 , our analysis used a larger gene set and had higher nodal support values.
Relative to the genomes of nonparasitic nematodes, we identified numerous orthologs as being unique to the filarial parasites (Fig. 3) . Proteins encoded by the filarial genomes showed enrichment of immunogenic domains such as extracellular and cell-adhesion domains and in a metabolic context were enriched for trehalase domains involved in trehalose degradation (q < 0.05, Fisher's exact test; Supplementary  Fig. 6 ). Trehalose is known to be involved in the protection of nematodes from environmental stress 18 and could potentially have a key role in filarial survival. Trehalose and its biosynthetic pathway have been shown to be associated with increased lifespan in C. elegans 19 and might support the idea that increased use of trehalose by filarial nematodes could be related to their relatively long lifespan.
The filarial genomes lack a wide array of seven-transmembrane G protein-coupled chemoreceptors (7TM GPCRs; Supplementary  Fig. 6 ). Profiling of 7TM GPCRs revealed a pattern of progressive loss of many families in the transition from nonparasitic to parasitic lifestyles (Fig. 4) . For example, filarial nematodes and Trichinella spiralis completely lack the STR superfamily, including ODR-10, which is known to be involved in detection of volatiles 20 , and KIN-29, a protein kinase that regulates STR expression in C. elegans 21 . If the STR superfamily is more broadly involved in odorant detection, this could explain why these molecules are lacking in filarial nematodes and T. spiralis parasites that live only in aqueous environments, whereas they are retained in A. suum and M. hapla, which are exposed to volatiles in part of their life cycle. Only the SRAB, SRX, SRSX and SRW families were conserved across all nematodes, suggesting that these 7TM GPCRs mediate vital nematode functions.
Filarial genomes are also depleted in both soluble and receptor guanylate cyclases; these cyclases are involved in the regulation of environmental sensing and complex sensory integration functions (Fig. 4) . However, GCY-35 and GCY-36, which are involved in the detection of molecular oxygen in solution 22 , are encoded in the filarial genomes. Protein kinase profiling revealed 18 receptor guanylate cyclases that are present in C. elegans but not in filarial worms, including the environmental sensors GCY-14 and GCY-22 (Supplementary Table 23 ). Depletion of these and other kinases involved in olfactory and gustatory sensing, including KIN-29, suggests that the environments of filarial nematodes are less complex in terms of chemosensory inputs than are those inhabited by nonparasitic nematodes (Supplementary Note) 
Phylogenetic profiling of metabolism
Previous genomic analysis identified five biosynthetic pathways (heme, riboflavin, FAD, glutathione and nucleotide synthesis) present in Wolbachia but missing from its relatives, for example, Rickettsia. These Wolbachia-encoded pathways were hypothesized to provide metabolites needed by their filarial hosts 6 . As L. loa lacks Wolbachia, it was theorized that the L. loa genome must encode genes to replace these pathways, potentially laterally transferred from Wolbachia to an ancestor of L. loa. However, no transfers relating to these metabolic functions were apparent. Thus, we generated complete metabolic pathway reconstructions for nine nematode and four Wolbachia genomes ( Table 2 and Supplementary Tables 24 and 25 ) to determine how L. loa acquires these metabolites and placed the results in an evolutionary context. None of the five 'complementary' pathways differed between L. loa and the other filarial nematodes, calling into question the role of these pathways in filarial-Wolbachia symbiosis.
Furthermore, in only two pathways (heme and nucleotide synthesis) did the filarial genomes differ from those of the other nematodes. The FAD and glutathione pathways are complete in all nematode genomes, whereas the riboflavin pathway is missing from all nematode genomes. The heme biosynthesis pathway, previously reported to be absent in B. malayi 7 , is missing from not only the filarial worms but also all nematode genomes characterized so far. Experimental work on C. elegans (which is also Wolbachia free) has shown that it cannot synthesize heme de novo 23 . B. malayi has been previously noted as having a single member of the heme synthesis pathway, ferrochelatase (an enzyme that catalyzes the last step in heme synthesis 7 ; Supplementary Note). The gene encoding ferrochelatase is also present in the L. loa and W. bancrofti genomes but is absent in all other nematode genomes, including that of A. suum. It is possible that this gene in filarial nematodes is not involved in heme synthesis but rather in an alternate, unknown pathway.
Similarly to B. malayi, both L. loa and W. bancrofti lack the ability to synthesize nucleotides de novo. All three filarial genomes lack the majority of the proteins involved in the purine synthesis pathway, as well as the first enzyme involved in the pyrimidine synthesis pathway ( Table 2 and Supplementary Table 24 ). Other nematodes have also lost portions of these pathways; the purine synthesis pathway has been largely lost in P. pacificus and M. hapla, whereas the first two enzymes in the pyrimidine synthesis pathway have been lost in T. spiralis. These multiple and probably independent losses could underscore a general flexibility in the need for de novo nucleotide synthesis in nematodes. All nematodes, including the filariae, have complete sets of purine and pyrimidine interconversion pathways (Supplementary Table 24 ), implying that they could generate all necessary nucleotides from a single purine and pyrimidine source, a concept supported by experimental data in B. malayi 24 . Filarial genomes encode two purine-specific 5′ nucleotidases for salvage, whereas all other nematodes encode only one; the extra copy in the filariae seems to have arisen from a single gene duplication event and diverged markedly from the ancestral gene (Supplementary Fig. 7) . Additionally, we profiled known nematode and Wolbachia transporters linked to these pathways and found no evidence of differences between filarial and nonfilarial nematodes or among Wolbachia endosymbionts (Supplementary Note and Supplementary Fig. 8 ).
Given the uniformity of these pathways across nematodes and the apparent lack of any related transfers of Wolbachia DNA to the L. loa genome, it is probable that the symbiotic role of Wolbachia in filarial nematodes either lies outside these pathways or involves more subtle metabolic supplementation rather than the wholesale provision of unproduced metabolites.
The only metabolic pathway found to differ in gene content between L. loa and other nematodes with sequenced genomes is vitamin B6 synthesis and salvage. Most nematode genomes encode single copies of the two enzymes involved in vitamin B6 salvage, but the L. loa genome encodes five copies of the second enzyme, pyridoxal 5′-phosphate synthase (Supplementary Note). This pathway also differed among Wolbachia genomes. Although both of the insect Wolbachia genomes also encoded two genes involved in the synthesis of vitamin B6 (pdxJ and pdxK), neither of the filarial Wolbachia genomes did (the difference between Wolbachia of B. malayi and Wolbachia of Drosophila melanogaster was noted previously 6 ). If the filarial Wolbachia endosymbionts need to acquire vitamin B6 exogenously, this could explain a metabolic need of Wolbachia that is fulfilled by the nematode. However, with that hypothesis in mind, it is unclear why L. loa, the one pathogenic filarial nematode without Wolbachia, would encode a greater number of vitamin B6 salvage genes than either B. malayi or W. bancrofti. We could not exclude differences in pyridoxine transporters, as we could identify no orthologs of known transporters in either nematode or Wolbachia genomes (Supplementary Note).
DISCUSSION
The study of some nematode genomes has already provided great insight into the genomic structure, biology and evolution of this major division of nematode parasites. With the release of the genome of L. loa, a human pathogen and parasitic nematode that does not contain Wolbachia, we have been able provide insights into the dispensability of this endosymbiont that deepen the mystery surrounding the 'essential nature' of Wolbachia for many filarial worms.
Through large-scale genomic comparisons within the phylum Nematoda, we have not only been able to define molecules and pathways that are either L. loa-specific or filaria-specific but also, by comparison with nonparasitic nematodes (for example, C. elegans), gained a glimpse into the nature of parasitism itself. Moreover, this Repeat content analysis. Repeat content was identified using RepeatScout 26 followed by RepeatMasker using both nematode repeats from RepBase v17.06 (ref. 27 ) and the output from RepeatScout. Only hits with a Smith-Waterman score >250 were maintained. Additional repeats were then identified on the basis of abnormally high read coverage in the genome assemblies using genome sequence scanning with hysteresis triggering. Positions with read depth 20 times the mode of the read depth distribution switched the 'collapsed reads' state to on during the scanning process, and positions with read depth lower than 10 times the mode switched the 'collapsed reads' state to off. Only regions longer than 100 nucleotides were reported. Read mapping was performed by runMapping application of the Newbler suite 28 . The output was converted to SAM file format by the seq.Newbler2SAM option of the GLU package. Only the best alignment of each read was kept. Read depth was calculated by the genomeCoverageBed program of BEDTools suite 29 .
RNA-Seq. RNA was prepared from one million L. loa microfilariae purified from the blood of a patient. Under liquid nitrogen, the microfilariae were disrupted by a stainless steel piston apparatus. Total RNA was extracted using the RNeasy Kit (Qiagen, Valencia, CA, USA). A non-strand specific complementary (cDNA) library for Illumina paired-end sequencing was prepared from ~37 ng of total RNA as previously described 30 with the following modifications. RNA was treated with Turbo DNase (Ambion, TX) and fragmented by heating at 80 °C for 3 min in 1× fragmentation buffer (Affymetrix, CA) before cDNA synthesis. Sequencing adaptor ligation was performed using 4,000 units of T4 DNA ligase (New England Biolabs, MA) at 16 °C overnight. After adaptor ligation, the resulting library was cleaned, size selected twice using 0.7× volumes of Ampure beads (Beckman Coulter Genomics, MA), enriched using 18 cycles of PCR and cleaned using 0.7× volumes of Ampure beads (Beckman Coulter Genomics, MA). The resulting Illumina sequencing library was sequenced with 76 base paired-end reads on an Illumina GAII instrument (v1.8 analysis pipeline) following the manufacturer's recommendations (Illumina, CA).
Identification of transfers (nuwts).
An initial search of the Wolbachia of B. malayi genome against the L. loa genome was done using BLASTN with a cutoff of 1 × 10 −5 . After this assembly-based search, nuclear Wolbachia transfers (nuwts) were identified through a screen of the L. loa sequencing reads as being >80% identical to Wolbachia sequences over 50% of the read. Searches were refined to examine reads with >50 bp match to Wolbachia and were manually curated to remove spurious matches that had a nematode ancestry. Reads matching the bacterial ribosomal RNA (rRNA) were removed, as they could arise from any bacterial genome that might be contaminating the sample. Regions of homology <50 bp were included if they were detected through analysis of an adjacent region with homology over >50 bp. All of the reads containing nuwts were mapped back to the L. loa genome to identify the consensus sequence, and the relationship was confirmed using BLASTN to NT. Phylogenetic analysis was conducted on nucleotide sequences of predicted nuwts using RAxML 30 .
phylogenies from this data set using three methods. 48 with a mixed amino acid model and gamma-distributed rates. We ran the analysis with one chain for 1 million generations, sampling every 500 generations and discarding the first 25% of samples as burn in. Enrichment analyses were conducted using Fisher's exact test, and multiple comparisons were corrected using the false discovery rate 49 .
Kinase classification. Initial sets of protein kinases were identified by orthology with annotated C. elegans kinases. Kinases without orthologs were identified in a search of the proteome against a protein kinase hidden Markov model derived from an alignment of Dictyostelium protein kinases 50 using a cutoff score of -66. Low-scoring sequences were additionally screened for conservation of known protein kinase sequence motifs. All protein kinases were classified using a controlled vocabulary 51, 52 , and classifications of filarial kinases with C. elegans orthologs were mapped from the curated set from the KinBase database. Kinases without orthologs in C. elegans were searched against the curated set using BLAST and classified if the top three hits agreed. Orthology across all nematodes was then used to identify potentially missed kinases and ensure consistent classification.
Metabolic reconstruction. In addition to the nine nematode genomes listed above, we used three additional Wolbachia genomes from B. malayi (AE017321), D. melanogaster (AE017196) and C. pipiens (AM999887). Metabolic pathways were characterized using Pathway Tools 53 . Metabolic reconstruction was performed using EFICAz2 (ref. 54 ) to assign Enzyme Commission numbers for each enzyme. Enzyme Commission numbers and gene names were used as input to the Pathologic software 55 with transportidentification-parser and pathway-hole-filler options set to assign MetaCyc 56 pathways for each organism. The full set of metabolic pathways for each genome is available at the WormCyc database.
